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Abstract 

The metal laminates proposed here for use in aircraft structures consist of 
aluminum alloy interlayers between aluminum alloy based metal matrix composite 
(MMC) plates reinforced with silicon carbide particles. The properties of the 
laminates are to be tailored for applications in jet engine fan containment and in 
various wing and auxiliary support structures. One important mechanical property 
of the metal laminate is fracture toughness. 

This composite metal structure is designed to have enhanced ductile fracture 
properties as a result of the ptastic formability of the aluminum layers and 
increased strength and stiff ness due to the layers of the metal matrix composite. 

The enhanced fracture properties of the metal laminates are measured by fracture 
toughness specimens of several designs. Of particular interest is the optimum 
thickness of the ductile interlayer to optimize the fracture properties, but have the 

* This work was performed under the auspices of the US. Department of Energy by 
Lawrence Lvermore National Laboratory under contrad No. W-7405-EngQ8. 
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least effect on the strength and the stiffness. Specimen designs have been 
chosen which should allow measured properties of the specimen deformation 
and failure to be translated into predictions of component strength in actual 
aerospace applications. 

One mode of crack growth which increases fracture toughness and damage 
resistance in applications of interest is extensive delamination between the 
ductile intetiayer and the M M C  plates. 

The total area of delamination is increased by the tendency of metal laminates to 
have.damage initiate at the lobes of contours of effective plastic strain which are 
significantly off-axis from the plane of Mode I or tensile mode opening cradc 
growth. This off-axis damage increases the delaminated area and is a fador in 
forcing the crack to reinitiate at a new location in the next M M C  plate. 

Experimental evidence for this phenomena is presented, along with finite 
element calculations which quantify and explain enhanced fracture values. The 
progressive damage is modeled using tie-break slidelines with critical strains to 
failure chosen with the help of elastic-plastic fracture mechanics calculations. 

I nt rod u ct lo n 

laminated layers of ductile aluminum interspersed and bonded to particle 
reinforced aluminum plates have the potential to be fabricated into structures with 
enhanced fracture toughness and resistance to fatigue crack growth when 
compared with equivalent structures of either parent material. These laminated 
metal composites (LMC) also show improved impact behavior, wear, corrosion 
resistance, and damping capacity. Enhanced formability may also be achieved ( 
Syn et. at. 7991 and Shen et. al. 1993) . An engineering objective in these 
material creations is through choice of parent materials, laminate configuration, 
bonding techniques, and processing history, to optimize structural response of 
the L M C s  for the intended application. 

The material mode of fracture we will deal with in this study is crack initiation and 
growth in the crack arrestor orientation. The crack arrestor orientation is that 
where the plane of crack growth is perpendicular to the interfaces of the layers. 
This mode of failure may be studied in experiments and analyses in which the 
loads, defoimations, and material response may be usefully modeled in two 
dimensions. 

It is our intention to apply these results of twodimensional crack growth in the 
crack arrestor orientation to crack growth in three dimensions in the crack divider 
orientation ahd in problems of ballistic penetration. The twodimensional finite 
element code employed in these studies is NIKE2D ( Hallquist, 1979). The vaiues 
of material properties and analytical techniques required for the two dimensional 
analyses should be the same or similar to those in three dimensions. 

The predictions of crad growth in the laminates are based on calculations of the J 
Integral as a fundion of crack extension and stress state. (Riddle, et. al. 1983) . 
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For predictions of crack initiation, a two parameter failure criteria is used. Crack 
initiation is assume to occur when the effective plastic strain in elements along a 
double-noded tie-break slideline reaches a critical value. This is similar to the 
concept of a critical damage region put forth for graphite fiber reinforced 
composite materials (Nuismer and Whitney, 1975) 

For condiiions where a crack has initiated, the J Integral prediction of crack growth 
based on the materials’ Kc, and the effective plastic strain in a finite element in the 
tie-break slideline have been shown to be approximately equivalent ( Riddle, 
1987). Here the assumption is made that the effective plastic strain to failure that 
predds crack growth is also appropriate for crack initkition. 

Experimental Evidence of Delarnlnatlon I 
The motivation to quantify and simulate the eff ed of interfacial delaminations on 
the overall fracture resistance of metal laminates is based on experimental 
observations. The first of these is seen in figure 1 as a plot of fracture toughness 
in the metal laminates, both in the crack divider and crack arrestor orientation, as a 
function of the percent of the MMC material in the laminate. It is observed that 
there is rife or no drop-off in the fracture toughness values of the metal 
laminates, with increasingly small values of thickness for the ductile interlayer. 
This is a very desirable effect. It would be useful to understand better the root 
cause and the limits of the small thicknesses of the ductile layers which yieM this 
behavior. 

Figure 2 shows a cross-sectional view of tensile test failure surfaces in the metal 
laminates, where the lighter layers are the ductile intedayers, and the darker 
mottled layers are MMC. 
The delaminations which occur in the heat-treated material (T6) are much more 
obvious, but are actually present in both materials. These delaminations are 
nearly perpendicular to the main failure surface, and add significantly more 
surface area to the failure process. An initial attempt to quantiiy this effect, and 
provide a methodology to predict such effects for other choices of ductile 
materials and interface strengths is described in the following section. 

Analysts of Crack Growth and Delaminatlon in Metal Laminates 

Finite element analysis is used to predict the onset and propagation of crack 
growth, with the interlayer delamination in a small region of a metal laminate 
fracture specimen. The mesh of the small region is shown in figure 3. The ductile 
interlayer in this mesh is a row of three elements extending from side to side of 
the mesh. The initial thickness of the ductile interlayer is 76 pm ( 0.003 inch). The 
material regions above and below the ductile interlayer represent the MMC 
material which is 6090 aluminum alloy with 25 percent by volume silicon carbide 
dispersed particulate. These layers in the fracture specimen are 3.05 mm thick ( 
0.1 2 inch ). In the analyses the effects of two ductile interlayer materials, 5182 
and 1100 aluminum alloys, are analyzed. 

, 
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The finite element analyses are based on three-point bend fracture tests, where 
the specimens were fabricated from metal laminate materials that consisted of five 
MMC layers and 6 thinner ductile interlayers. A finite element model of the entire 
specimen was made, with a subregion of the size of the detailed mesh of figure 3. 
At the specimen maximum load, the displacements on the subregion near the 
crack tip were noted, and applied as the boundary conditions at the edges of the 
detailed mesh. These displacements increase linearly with load, and do not 
reflect any crack growth in the specimen. As a boundary conditions they provide a 
preliminary estimate of the relationship between loads that occur in the far field, 
and the displacements at the crack tip region boundaries. 

Figure 4 shows the constitutive relationship of effective plastic strain and 
e f f w i e  stress for the three materials in the as hot-rolled and unaged condiion 
considered in the analyses. 

Tie-break slidelines in the finite element mesh are used to model the progressive 
crack growth in the metal laminate structure. This method was first employed in 
machining studies ( Strenkowski and Carroll, 1984 ). These slidelines are double- 
noded and constrained to have the same displacements at corresponding nodes 
until the effective plastic strains in the adjacent elements reaches a critical value, 
and the nodal constraint is released. 

. 

Figures 5 through 9 represent the NIKE2D analyses where 5182 aluminum alloy 
is used as the ductile interlayer, and figures 10 and 11 for 1100 aluminum alloy. 
Figure 5 shows the deformed mesh after the crack has extended 3 nodes from 
the original notch in the MMC material. A delamination has begun to form at the 
interface between the ductile interlayer and the MMC material along a tie-break 
slideline in that region. The critical value of effective plastic strain for which the 
nodal constraint is released is 0.001 in this case. 

The cause for the initiation of the delamination is shown in figure 6, where there is 
plotted contours of effective plastic strain in the deformed mesh. The lobes of 
effective plastic strain induced by the extending crack in the MMC material extend 
laterally to form a damage region that first intersects the ductile interlayer a 
distance of about 0.75 mm to the left and right of plane of straight or mode I crack 
extension. These lobes of plastic strain induce damage and cause the interface 
of the ductile interfayer and the MMC material to fail prior to the time when the 
crack has extended all the way through the MMC layer. 

The J Integral versus crack extension for crack growlh in the MMC material is 
shown in figure 7 for both the analysis with the effective plastic strain to failure of 
0.001. and also for a second analysis with the value of effective plastic strain to . 
failure equal to 0.003. At the this point the crack driving force or J Integral value at 
the delamination is 1240 N*m/d .  Figure 8 shows the last analysis state, with the 
delamination growing to meet the crack extending through the MMC material. 

The integral of the area under the J Integral versus crack extension curve 
represents the energy required to drive a crack through the metal matrix 
composite layer. In addition, for these cases in metal laminates, the energy 
dissipated in delamination should be added to the preceding energy number. For 

I 
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this first case, when the effective plastic strain to failure in both the MMC and at 
the interface is 0.001, the respective energy requirements are 3.26 N*m for crack 
advance in the MMC, and 1.24 N*m at the delamination. These numbers 
demonstrate that the process of delamination may contribute significantiy to the 
total resistance to crack advance through the metal laminate. 

For different values of effective plastic strain to failure along the element 
of the tie-break slideline, the force required to drive the crack, and the resulting 
deformations may be significantly different. For the MMC material and the 5182 
alumhum alloy interlayer with an effedive plastic strain to failure of 0.003, figure 7 
shows the J Integral versus crack extension curve in the MMC material is about a 
factor of two higher than the previous curve. Figure 9 is the final state of 
deformation for the analysis with the larger effective plastic strain to failure, and 
shows the deformation is very different than the previous case in figure 8, with 
the delamination in figure 9 not yet extending to meet the crack in the MMC. 

In order to be able to predict the effects of changing the ductile material interlayer 
in the laminated metal composites, finite element analysis was performed using 
1100 aluminum alloy material properties for the interlayer. As is shown in figure 4, 
this material has a lower yieM strength and does not worh-harden appreciably. A 
value of 0.001 was chosen for the effective plastic strain to failure in the MMC 
material. For the tie-break slideline representing the potential delamination the 
effective plastic strain to failure was chosen to be 0.005. 

Figure 10 shows the J Integral versus crack extension in the MMC material. These 
values are elevated slightly, about 5 percent, as compared to the values for the 
crack growth in the MMC with the 5182 aluminum alloy interlayer. The higher 
effective plastic strain to failure at the delamination produces a different failure 
progression as shown in figure 1 I .  The delamination here initiated both at the 
lobe of the contours of effective plastic strain from the crack extending in the 
MMC layer, but also from the tip of the crack in the MMC material as it has neared 
the ductile interlayer. 

Co nclu si0 ns 

A method has been developed and demonstrated to simulate and predict crack 
initiation and growth in metal laminates using finite element analysis and concepts 
of fracture mechanics. An important key in the prediction of the failure processes 
is the tie-break slideline with prescribed values of effective plastic strain to failure 
in elements along the slideline. The appropriate values of effective plastic strain 
to failure are chasen based on J Integral calculations. 

More develdpment of this method is needed, particularly in its correlation with 
experimental data from various fracture toughness and strength tests of metal 
laminates. 

The results show that the delamination at the interface of the ductile interlayer 
and MMC material can add significantly to the energy required to propagate a 
crack through a metal laminate. 
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The further development of this model can lead predictions of optimized metat 
laminates in terms of fracture toughness and interface strengths of MMC material 
and the ductile interlayers. 
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Figure Captions 

Figure 1. Fracture toughness of MMC laminates as a function of MMC volume 
percent and global volume percent of silicon carbide particulate in the material. 

Figure 2. Edge view of failure surfaces of metal laminates showing extensive 
interlayer delamination. 
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Figure 3. The undeformed finite element mesh showing three layers of the metal 
laminate in the region of crack initiation. 

Figure 4. The constitutive stress-strain reiatiys for 5182 and 1100 aluminum 
alloys and the MMC material 6090 aluminum alloy with 25% siticon cadMe 
particulate. 

Figure 5. Crack extension in the MMC material and initiation of the delamination 
for the 5182 AI interlayer and an effective plastic strain to failure of 0.001. 

Figufe 6. Contours of effective plastic strain with lobes centered around the 
extending crack in the MMC material and initiating delamination at the interface of 
the 5182 ductile interlayer and the MMC. 

Figure 7. J Integral values versus crack extension for two values of effective 
pfastic strain to failure in the MMC laminate with the 5182 interlayer. 

Figure 8. Final analysis state showing the delamination extending to meet the 
crack in the MMC material. 

Figure 9. Find analysis state showing the delamination not yet extended to meet 
the crack in the MMC material. MMC with 5182 AI interlayer and an effective plastic 
strain to failure of 0.003. 

Figure 10. J lntegral versus crack extension in a metal laminate with the MMC 
material as before and an 1100 aluminum alloy interlayer. 

Figure 11, Final analysis state showing multiple delamination initiation sites in the 
MMC material laminate with an 1100 aluminum alloy interlayer. 

7 



5 

l- 
A 

€ 4  

=r 
v a a. 

-3 eo 
v) 
Q) 
t 
z 

r 

-. -*  
* -  -* 

-. -- - -  -. -. 
-. -. 

f- 

3 

a 

2 
*tam.-C.D. 
--+- Lam.-C.A. z 1 e- 

u, II 6090/SiC/ZSp-T6 
e 5 1 8 2 - 0  

L 

- 
0 -  ’ I t t I I I I I I I 

I f t 1 I 1 I 

0 2 5  5 0  7 5  1 0 0  
MMC Vol.%/SiCp Global Vol.% 

Figure  1 





1 
m 
6) m 
m 
I 
w 
h 

m 
6) m 
m + 
6) m 

VI 

6) m m 
I 
W 
h 

6) 
61 m 
I 

m 
W 

F 

m 
m m 

I 
(9 
W 

? 
m m 
m 
I 

ci u 

N 

f.n 
6) 
m 
I 
w 
W 

W 

63 
m 
m 

I 
W 
W 

W 

UI 
6) 
m 

I 
W 
W 

b 

I 3  m 
m 
I 

m w 
-2.50E-03 t I 1 I I I I I I I 

rr- CL 0 -- v)  7 



Stress Strain Curves for AI 1100, AI 5182, MMC . ' 
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J Integra! vs Crack Extension 
for two values of effective plastic strain to failure 

MMC with 5182Al interlayer 
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J versus crack extension in a metal laminate 
( MMC with AI 1100 interlayer ) 
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